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Abstract
This paper investigates the potential to detect tau neutrinos in the energy range of 1-1000 PeV searching for very in-
clined showers with imaging Cherenkov telescopes. A neutrino induced tau lepton escaping from the Earth may decay
and initiate an air shower which can be detected by a fluorescence or Cherenkov telescope. We present here a study
of the detection potential of Earth-skimming neutrinos taking into account neutrino interactions in the Earth crust,
local matter distributions at various detector sites, the development of tau-induced showers in air and the detection
of Cherenkov photons with IACTs. We analyzed simulated shower images on the camera focal plane and imple-
mented generic reconstruction chains based on Hillas parameters. We find that present IACTs can distinguish air
showers induced by tau neutrinos from the background of hadronic showers in the PeV-EeV energy range. We present
the neutrino trigger efficiency obtained for a few configurations being considered for the next-generation Cherenkov
telescopes, i.e. the Cherenkov Telescope Array. Finally, for a few representative neutrino spectra expected from
astrophysical sources, we compare the expected event rates at running IACTs to what is expected for the dedicated
IceCube neutrino telescope.
1. Introduction
The discovery of an astrophysical flux of high-energy
neutrinos by IceCube [1] is a major step forward in the
ongoing search for the origin of cosmic rays, since the
neutrino emission may be produced by hadronic interac-
tions in astrophysical accelerators. Of particular interest
is the identification of ντ, which are only expected to be
produced in negligible amounts in astrophysical accel-
erators, but should appear in the flux detected by Ice-
Cube due to neutrino flavor change. Up to now, there
has been no clear identification of ντ at high energies,
so the detection of ντ neutrinos will be very impor-
tant from astrophysical and the particle physics point of
view. The detection would give new information about
the astrophysical flux as well as serving as an additional
confirmation of the astrophysical origin of the IceCube
high energy diffuse neutrino signal. It also would shed
light on the emission mechanisms at the source, test
the fundamental properties of neutrinos over extremely
long baselines and better constrain new physics mod-
els which predict significant deviations from equal frac-
tions of all flavors.
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The existing Imaging Air Cherenkov Telescopes
(IACTs) such as MAGIC [2], VERITAS [3] and
H.E.S.S. [4] could have the capability to detect PeV tau
neutrinos by searching for very inclined showers [5]. In
order to do that, the Cherenkov telescopes need to be
pointed in the direction of the taus escaping from the
Earth crust, i.e. at or a few degrees below the horizon.
In [6], the effective area for up-going tau neutrino obser-
vations with the MAGIC telescopes was calculated an-
alytically and found to be maximum in the range from
100 TeV to ∼ 1 EeV. However, the sensitivity for dif-
fuse neutrinos was found to be very low because of the
limited field of view (FOV) (the topographic conditions
allow to point the telescopes only for a small window of
about 1 degree width in zenith and azimuth to point the
telescope downhill), the observation time and the low
expected neutrino flux.
On the other hand, if flaring or disrupting point
sources such as GRBs are being pointed to, one can ex-
pect an observable number of events even from a sin-
gle GRB if close by, as recently shown by the All-sky
Survey High Resolution Air-shower (Ashra) team [7].
Also, for IACT sites with different topographic condi-
tions, the acceptance for up-going tau neutrinos is in-
creased by the presence of mountains [9], which serve
as target for neutrino interaction leading to an enhance-
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Figure 1: Cherenkov telescope layouts considered in this work IACT-4 (A), CTA-E (B) and CTA-I (C). The IACT-4 array consists of four
Cherenkov Telescopes with ∼ 12 m aperture, 2.5◦ FOV and 0.16◦ camera pixel size, while CTA arrays consist of telescopes of different size i.e.
Large Size Telescopes (LST) with ∼ 23 m aperture, 5◦ FOV and 0.09◦ camera pixel size (red full circles), Medium Size Telescopes (MST) with
∼ 12 m aperture, 8◦ FOV and 0.18◦ camera pixel size (open black circles) and Small Size Telescopes (SST) with ∼ 4-7 m aperture, 10◦ FOV and
0.25◦ camera pixel size (black full circles). For more detailed description of CTA telescope properties, see Table 1 in [17].
ment in the flux of emerging tau leptons. A target moun-
tain can also shield against cosmic rays and star light.
Nights with high clouds often prevent the observation
of γ-ray sources, but still allow pointing the telescopes
to the horizon. As an example for the MAGIC site there
are about 100 hours per year where high clouds are
present [8], therefore a large amount of data can be pos-
sibly accumulated. While the observation of tau neutri-
nos is not the primary goal of IACTs, a certain level of
complementarity can be expected when switching from
normal (i.e. γ-ray) observations mode to tau neutri-
nos (i.e. mostly horizontal) pointing. Next-generation
Cherenkov telescopes, i.e. the Cherenkov Telescope Ar-
ray (CTA) [10], can in addition exploit their much larger
FOV (in extended observation mode) and a higher effec-
tive area.
In this paper, we present an update of the work
in [9], where a detailed Monte Carlo (MC) simula-
tion of event rates induced by Earth skimming tau neu-
trinos was performed for an ideal Cherenkov detec-
tor in case of MAGIC, VERITAS site and two pro-
posed Cherenkov Telescope Array sites: Meteor Crater
and Yavapai Ranch. For VERITAS and the consid-
ered Cherenkov Telescope Array sites the expected neu-
trino sensitivities are up to factor 3 higher than for the
MAGIC site because of the presence of surrounding
mountains. The calculated neutrino rates are compa-
rable to what has been estimated for the IceCube neu-
trino telescope assuming realistic observation times for
Cherenkov telescopes of a few hours.
However, in our previous work the calculated event
rate were obtained with an assumed efficiency for tau
induced shower of about 10%. Here, we present a
more detailed simulation of trigger and identification ef-
ficiency for air showers induced by Earth-skimming tau
neutrinos, for IACTs and for a few CTA layouts consid-
ered in [17]. We analyzed the simulated shower images
on the camera focal plane showing that IACTs/CTA can
distinguish air showers induced by tau neutrinos from
the background of very inclined hadronic showers. We
also recalculated the point source acceptance and the ex-
pected event rate taking into account this new estimation
of the trigger efficiency.
The structure of the paper is the following: Sec-
tion 2 describes our MC simulation chain. In Sec-
tion 3 we show the trigger/identification efficiencies for
τ−induced showers as a function of tau lepton energy
and we study the properties of shower images on the
camera focal plane, as described by Hillas parameters.
This section presents also an update of our previous
work [9]. Finally, we summarize the results and give
a conclusion in Section 4.
2. Method
In order to study the signatures expected from
neutrino-induced showers by IACTs, a full Monte Carlo
(MC) simulation chain was set, which consists of three
steps.
First, the propagation of a given neutrino flux through
the Earth and the atmosphere is simulated using an ex-
tended version of the ANIS code [11]. For fixed neu-
trino energies, 106 events are generated on top of the
atmosphere with zenith angles (θ) in the range 90◦–
105◦ (up-going showers) and with azimuth angles in the
range 0◦–360◦. Neutrinos are propagated along their
2
2 METHOD
trajectories of length ∆L from the generation point on
top of the atmosphere to the interaction volume, de-
fined as the volume which can contribute to the expected
event rate, in steps of ∆L/1000 (∆L/1000 ≥ 6 km).
At each step of propagation, the ν–nucleon interaction
probability is calculated according to a parametrization
of its cross section based on the chosen parton distri-
bution function (PDF). In particular, the propagation of
tau leptons through the Earth is simulated. All computa-
tions are done using digital elevation maps (DEM) [23]
to model the surrounding mass distribution of each site
under consideration. The flux of the leptons emerging
from the ground as well as their energy and the decay
vertex positions are calculated inside an interaction vol-
ume, modeled by a cylinder with radius of 35 km and
height 10 km, see also [11, 9] for more details.
Then, the shower development of τ-induced show-
ers and Cherenkov light production from such show-
ers is simulated with CORSIKA [12]. CORSIKA (ver-
sion 6.99) was compiled with the TAULEP option [13],
such that the tau decay is simulated with PYTHIA [14].
In order to simulate Cherenkov light from inclined
showers for any defined Cherenkov telescopes array
the CERENKOV and IACT options were also acti-
vated [16]. Finally, to consider the atmospheric depth
correctly for inclined showers, the CURVED EARTH
and SLANT options were also selected. Up to now, we
could not simulate showers with zenith angle θ > 90◦
when combining the ”CURVED EARTH” and IACT
options. Therefore, we use here a zenith angle of 87◦
to estimate the trigger efficiency for up-going tau neu-
trino showers. This should be a reasonable assumption,
because the trigger efficiency in case of τ-induced show-
ers with the same energy should only slightly depend on
the zenith angle (as its confirmed by our later results),
as long as the corresponding altitudes of shower max-
ima are similar.
The CORSIKA simulations were performed for dif-
ferent configurations: H.E.S.S. like four telescopes
(named here by IACT-4), and for a few CTA arrays
considered in [17], see Figure 1. The IACT-4 can
be considered as representative for current generation
of IACTs. Among different CTA array configurations
shown in [17] the arrays chosen were named CTA-E (59
telescopes) and CTE-I (72 telescopes), which accord-
ing to [17] are the best compromise between compact
and dense layout. The selected arrays have only slightly
worse sensitivity for γ-rays than the full CTA array [17].
We simulated showers induced by tau leptons with
energies from 1 - 1000 PeV in steps of 0.33 decades
and with an injection position at altitudes ranging from
detector level to the top of the atmosphere. We used as
the detector level 1800 a.s.l for the simulation of current
generation of IACTs and 2000 m a.s.l. for CTA. The in-
jection point spans different vertical depths from ground
to top of the atmosphere with steps of at least 50 g/cm2.
At each vertical depth, 1000 showers were generated
in order to study shower-to-shower fluctuations and to
cover different tau decay channels. For each CORSIKA
simulated shower the impact point was randomized in a
circle with radius Rmax on a plane perpendicular to the
shower axis i.e. the CSCAT with VOLUMEDET/IACT
option was used. This radius was optimized by looking
to the fraction of triggered events as a function of Rmax,
and finally was set to Rmax = 200 m for IACT-4 and
Rmax = 1000 m for CTA-E in order to avoid information
loss due to showers which could be triggered but were
not simulated.
For high energies (> 1 PeV) the computing time be-
come excessively long (scaling roughly with the pri-
mary energy). In order to reduce it to tolerable values
the so-called ”thin sampling” mechanism is used [15].
To cope with the vast number of secondary particles
thinning and re-weighting of secondaries was used with
a thinning level of 10−6 . The kinetic energy thresh-
olds for explicit tracked particles were set to: 300, 100,
1, 1 MeV for hadrons, muons, electrons and photons,
respectively. Shower simulations were performed con-
sidering the QGSJET II model for hadronic interactions
in the atmosphere.
The results of CORSIKA simulations were used as
the input for the last step i.e. simulation of the detector
response. We used the Cherenkov telescope simulation
package: sim telarray [16]. The light collection area
is simulated including the ray-tracing of the optical sys-
tem, the measured transmittance and the quantum effi-
ciency of PMTs. The response of the camera electronics
was simulated in detail including night-sky background
and different system triggers. The sim telarray sim-
ulations were performed for IACT-4, and for CTA-E
and CTA-I with so-called production-1 settings. The re-
sponse to τ-induced showers is found to depend weakly
on the details of the optical set-up, field of view and
camera electronics.
In order to compare images at the camera plane we
also simulated inclined showers induced by protons,
photons and electrons. At energies larger than 1 PeV,
we do not expect significant background of showers
initiated by photons or electrons. The proton simula-
tions were instead used to estimate the main isotropic
background for neutrino searches due to interaction
of comics rays in the atmosphere. In order to have
enough statistic we use a similar strategy to the case
of τ−induced shower i.e. we simulated proton induced
3
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Figure 2: Example of simulated shower images with primary particle energy 10 PeV and zenith angle θ = 88◦ as seen by a IACT-4 camera. (Left)
proton interacting at the top of the atmosphere, first interaction point at vertical depth below 50 g/cm2 and detector-to-shower distance of about
1000 km; (Right) lepton tau decaying close to the detector, with an injection vertical depth of 760 g/cm2 and a detector-to-shower distance of about
50 km.
showers with primary particle energy ranging from 1 to
1000 PeV in steps of 0.33 decades. At each consid-
ered zenith angle bins (80◦, 83◦, 85◦, 87◦) the number
of simulated events in CORSIKA input card was set to
the corresponding number of events from the power law
spectrum with spectral index γ = −2.7. The direction
of primary protons was varied within a circle with aper-
ture β = 5◦ around the fixed primary direction, i.e. the
VIEWCONE option was selected in the CORSIKA sim-
ulations.
3. Results
3.1. Image on the camera
In case of showers observed at large zenith angles the
Cherenkov light has to undergo a long optical path, due
to a thicker layer of the atmosphere. The shower maxi-
mum is located far from the observatory and the photon
density at the mirrors decreases. This reduces the ef-
ficiency compared to lower zenith angles, especially at
low energies. Images on the camera will be dimmer and
smaller in size.
As an example, in Figure 2 we show a representative
shower image for a 10 PeV proton injected at the top of
the atmosphere and a 10 PeV tau lepton injected close
to the detector, respectively. As expected, the shower
image on the focal camera plane for the tau lepton has
a much larger image size and contains much more pho-
tons compared to the proton one. Note also, that for in-
clined showers the hadronic and electro-magnetic com-
ponent is almost completely absorbed in the atmosphere
while the muonic component (muons) can reach the
Earth. Thus, the showers images on the cameras from
p-induced showers will mostly contain the muon ring
(if muons propagate parallel to the optical axis) or in-
complete ring (arcs) in the camera, see Figure 2 (Left)
as an example.
3.2. Trigger efficiency
The trigger efficiency (trigger probability) depends
on the response of a given detector and is usually esti-
mated based on MC simulations. The trigger efficiency,
T (θ, Ei, X) in an energy range interval ∆E, is defined as
the number of simulated showers with positive trigger
decision over the total number of generated showers for
fixed zenith angle θ, initial energy of primary particle
Ei and injection depth X. In this work, simulations were
done for a two level trigger, so-called Majority trigger.
The first level is a camera level trigger (L1) defined by 3
pixels above 4 photo-electrons (p.e.) within a short time
window and the second level is basically a coincidence
level trigger among all telescopes in the defined array or
sub-array (L2) and requires at least 2 neighboring trig-
gered telescopes.
Figure 3 (A) shows the trigger probability (L2) for
τ-induced showers with different zenith angles and en-
ergies of the tau lepton in case of the IACT-4 array. The
calculated trigger probabilities for different zenith an-
gles θ = 80◦, 84◦, 87◦ are quite similar, within errors, if
plotted as a function of the distance between the injec-
tion point and the detector measured in g/cm2 (in this
work this distance to the detector was labeled as ∆X).
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Figure 3: (A) Trigger efficiency as a function of the distance between injection point and the detector level measured in g/cm2 (∆X) with IACT-4
for different zenith angles and energies of the tau lepton. Note, that for different zenith angles the distance from the atmospheric border to detector
level is significant different due to the Earth’s curvature. (B) Trigger probability for CTA at a fixed zenith angle of 87◦.The distance ∆X = 0 g/cm2
corresponds to the detector level, ∆X ≃ 12000 g/cm2 to the top of the atmosphere.
This is understood, if we note that amount of Cherenkov
light detected depends essentially on the distance be-
tween the Cherenkov telescope and the shower maxi-
mum. At its maximum a shower has the largest lateral
extension and Cherenkov light production, thus is capa-
ble of producing the largest signal seen by IACTs tele-
scopes.
As expected (see Figure 3 (A)) the trigger probabil-
ity increases with primary energy of the tau lepton and
decreasing distance to the detector. Only, at ∆X < 1000
g/cm2, the trigger efficiency drops due to the fact that
the shower maximum is too close to the detector or the
shower did not reach yet the maximum of shower devel-
opment, decreasing the amount of Cherenkov light seen
by telescopes. It is also worth to mention, that below
∆X < 6000 g/cm2 the trigger probability is at the level
of about 90%. In this case the corresponding geometri-
cal distance to the detector (in meters) depends on the
zenith angle θ, but for θ = 87◦ is of about ∼ 80 km. This
provides an estimate of the size of the active volume for
τ-induced showers seen by IACTs.
Figure 3 (B) shows the trigger probability for the con-
sidered CTA arrays shown in Figure 1 (B) and (C) and
different primary energy of lepton tau. As for IACT-
4, the trigger probability increases because the higher
is the energy, the more Cherenkov light is produced,
and the larger the number of triggered events. Compar-
ing with results from Figure 3 (A) calculated for larger
CTA arrays, with more telescopes with different optics
and camera structures, we find basically a similar frac-
tion of triggered events (above ∆X > 2000 g/cm2). The
difference in the trigger probability seen for ∆X < 2000
g/cm2 between IACT-4 and CTA-E it is due to the differ-
ent altitudes of detectors i.e. a higher altitude for CTA-
E. The altitude difference is only 200 m, but for zenith
angle θ = 87◦ it translates into a difference of about 4
km in the detector to shower distance. In case of IACT-
4 this leads to a larger fraction of triggered showers than
for CTA-E, because more showers can reach their max-
imum of shower development. Moreover, for the con-
sidered CTA arrays, the trigger efficiency only slightly
depend on the array structure. This can be explained by
the fact, that for inclined showers studied in this work
(with θ > 80◦) the radius of the Cherenkov light pool
distribution at detector level is larger than 1 km 1, which
is much more than the distance between telescopes in
the considered arrays. Thus, the fraction of triggered
events is expected to be similar and to be only weakly
dependent on the density of telescopes.
3.3. Discrimination of tau−induced showers
In this section we show how to discriminate of
τ−induced showers from background hadronic showers.
The results presented here are based on simulation of
down-going showers with zenith angle θ > 84◦, but they
can be applied to any neutrino flavour, since all neutri-
nos with different flavours can induced down-going air
1For index of refraction nair = 1.00023 at an altitude of
1800 m, the Cherenkov opening angle is α ≃ 1.2◦. Thus, for
geometrical distance from the shower maximum to detector of
about 50 km the Cherenkov ring radius on the ground, assuming
not changes of refraction index within this distance, is given by:
50 km × tan(α)/ cos(θ)=1.04 km/cos(θ) km for fixed zenith angle θ.
5
3 RESULTS 3.3 Discrimination of tau−induced showers
Figure 4: Normalized distribution of Hillas parameters for τ, p and γ-induced showers, zenith angle θ = 87◦ and CTA-E. Only deep τ-induced
showers with ∆X < 8800 g/cm2 and primary particle energy 1 PeV are shown, while for p/γ only events interacting at the top of the atmosphere
with ∆X > 11400 g/cm2 are considered. The p-events come from CORSIKA simulations for primary protons with energies between 1PeV and
1000 PeV with a differential spectral index of −2.7, while γ-events from simulations with the primary photon energy of 1 PeV. Vertical dashed lines
and arrows indicate our selection cuts developed for τ-induced showers, see text for more details.
showers, which produce a large amount of Cherenkov
light at high energies (> 1 PeV). We already show in
Figure 3 (A) that the trigger probability does not depend
on zenith angle for inclined showers, thus it can be used
for down-going neutrino searches, as well. Of course,
in such a case the neutrino sensitivity is reduced due to
small target density for neutrino interaction (happening
in the atmosphere), compared to the sensitivity obtained
for Earth-skimming neutrinos.
Each simulated event recorded and calibrated con-
sists of a number of photoelectrons collected by each
pixel in the camera while the trigger gate is opened.
The standard trigger configuration requires at least three
connected pixels with a signal above the discriminator
threshold. However, most of the camera pixels collect
light not from the Cherenkov shower but from back-
ground. To eliminate the background contribution an
image cleaning is performed [16]. The resulting cleaned
shower image contains only the pixels considered to
have physical information on the shower development.
The cleaned camera image is characterized by a set
of image parameters introduced by M. Hillas in [18].
These parameters provide a geometrical description of
the images of showers and are used to infer the energy
of the primary particle, its arrival direction and to distin-
guish between γ−ray showers and hadronic showers. It
is interesting to study these parameters also in the case
of deep τ-induced showers.
In Figure 4 the distribution of Hillas parameters for
deep τ-induced showers are shown, in comparison to the
one obtained for p and γ− induced showers. In general,
these parameters depend on the geometrical distance of
the shower maximum to the detector, which for deep τ-
induced showers is much smaller than for inclined p and
γ-induced showers which develop at the top of the atmo-
sphere. For example, at θ > 80◦ this distance is about
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Figure 5: Normalized distribution of Hillas parameters for 1, 10 and 100 PeV in case of τ−induced showers for CTA-E array and zenith angle
θ = 87◦.
a few hundred kilometers for particles interacting at the
top of the atmosphere and only a few tens kilometers for
deep τ-induced showers. This geometrical effect leads
to a rather good separation of close (τ-induced) and far-
away (p, γ) events in the Hillas parameter phase space.
This is evident in the S ize-parameter, see Figure 4 (A).
This parameter measures the total amount of detected
light (in p.e.) in all camera pixels, and it is correlated
with the primary energy of the shower. The size distri-
bution for τ-induced showers is shifted to larger values
compared to γ and p− induced events, due to closer dis-
tances to the detector.
The difference is also seen for parameters charac-
terizing the longitudinal and lateral shower develop-
ment like Length and Width, Figure 4 (B) and (C). For
showers induced by hadron (proton) the image on the
camera is more irregular and is typically larger com-
pared to showers induced by photons. Thus, the aver-
age value of Length and Width for photons is expected
to be smaller than for protons. At larger inclinations,
the so-called the γ/hadron separation is weaker since
images become smaller in size. However, still the dif-
ference between γ and p−induced showers is well vis-
ible in our simulations.2. For τ−induced showers, the
maximum of Length and Width distribution lies some-
where between the maximum for γ and protons. This
can be explained by the fact, that the lepton tau de-
cays according to different decay channels [19], and a
τ−induced shower is usually a superposition of electro-
magnetic sub-showers coming from decays of neutral
pions and hadronic sub-shower coming from decaying
of charged pion. Thus, the shower image in the cam-
era can have different topologies i.e. it can look like
p−events or γ−events.
The angular distance between the center of the
shower image and the camera center is called the
Distance-parameter. It is correlated with the angle be-
tween the shower and the telescope axis, and for larger
zenith angles it decreases due to larger detector-to-
2The peak in the Length distribution around 1◦ comes from single
muons, which create a ring/arc in the camera and lead to a large value
of length from reconstruction. An example of this class of events is
shown in Figure 2 (Left).
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Figure 6: (A) Trigger and identification efficiency for 1 PeV τ-induced shower with zenith angle θ = 87◦ for IACT-4 and CTA-E, (B) Identification
efficiency for CTA-E as a function of lepton tau energy and injection slant depth measured from detector level.
shower distance. However, this parameter can also in-
crease when the detector-to-shower distance becomes
smaller for fixed zenith angles. The effect it well seen
in Figure 4 (D) in case of point-like simulations (i.e.
when a normal mode of CORSIKA simulations without
VIEWCONE option was used), when the ellipse center
of the shower image for deep τ-induced showers com-
pared to γ-induced showers moves away from the cam-
era center. For the proton simulations, when the direc-
tion of primary protons within 5◦ around 87◦ was varied,
the distribution is shifted to higher values of distance pa-
rameter. Three peaks seen at Distance distributions, as
for example at 2.5◦, 4◦ and 5◦ for τ-induced showers,
are due to structures of CTA-E array, which consists of
three different telescopes types with different FOV.
Another Hillas parameter, which describes the orien-
tation of the shower image on the camera according to
its center is Miss-parameter. As we can see in Figure 4
(E) the distribution for τ-events is shifted to lower val-
ues compared to p events, showing that this observable
has also a strong separation power from the background
of hadronic events.
Figure 4(F) shows the distribution of Alpha for deep
τ−, γ and p−induced showers. Alpha is the angle be-
tween the major axis of the ellipse and the direction
from the image Center of Gravity to the center of cam-
era. This parameter has the highest γ/hadron separation
power (for single IACT observation data), since γ-ray
induced images point to the position of the source in
the camera, thus they are characterized by a small value
of Alpha. On the contrary, hadronic showers are dis-
tributed isotropically in the sky implying a rather flat
Alpha distribution. However, at large zenith angles γ-
induced images have a rather circular shape 3 rather
than an elongated elliptical one implying that the Alpha-
parameter is less well determined. At zenith angles
∼ 87◦ the distribution is quite flat and becomes simi-
lar to the distribution for p−events. For deep τ-induced
showers the distribution peaks at small values of Alpha,
showing a strong separation power from the background
of hadronic events.
Distance, Miss and Alpha only slightly depend on
the primary particle energy (as it is shown in Figure 5
(D-F) and the shower zenith angle (in the range above
80◦)). However, as expected, for energy dependent pa-
rameters like: S ize, Lenght,Width we observe the ex-
pected shift to higher values for higher primary particle
energies. It is also worth to mention, that the largest
differences between deep τ-induced showers and p and
γ-induced showers are observed for the S ize, Miss and
Alpha parameter. Such observables can be used to dis-
tinguish deep τ-induced showers from the background
of inclined hadronic showers.
In order to evaluate the best set of cuts to identify
deep τ-induced neutrino showers, we used the program
GARCON [20], returning the cuts yielding the maxi-
mal signal efficiency with minimal background contam-
ination. We considered a six parameter phase space
~x = {S ize, Length,Width, Distance, Miss, Alpha}. For
signal we considered deep τ− induced showers (with
3 For γ-induced shower at large zenith angle, the Cherenkov light
due a long optical path trigger only a few pixels, thus the shape of the
image is less well determined in terms of Hillas parameters. In order
to see the elliptical structure of typical γ-induced showers we need
camera with a pixel size much smaller than what proposed right now
for CTA (i.e. between 0.09◦ and 0.25◦).
8
3 RESULTS 3.4 Event rate calculations
array Eτi S ize Length Width Distance Miss Alpha Signal Efficiency
type [PeV] [p.e.] [deg] [deg] [deg] [deg] [deg] [%]
IACT-4 1 > 2010 < 1.81 < 0.17 < 0.91 < 0.15 < 51 31
CTA-E > 791 < 0.35 < 0.10 < 2.34 < 0.35 < 62 32
IACT-4 10 > 11500 < 0.52 < 0.47 < 1.09 < 0.27 < 90 33
CTA-E > 2590 < 0.39 < 0.20 < 3.47 < 0.66 < 19 27
IACT-4 100 > 43100 < 0.71 < 0.72 < 2.26 < 0.131 < 17 30
CTA-E > 8700 < 0.39 < 0.30 < 3.47 < 0.66 < 19 27
Table 1: Chosen cuts for the identification of τ-induced showers and zenith angle θ = 87◦.
∆X < 4000 g/cm2 i.e. ∼ 50 km from the detector and
θ = 87◦). As a source of background we considered
showers, initiated by primary protons with energies be-
tween 1 PeV and 1000 PeV with a differential spectral
index of γ = −2.7, and interacting at the top of the at-
mosphere, with ∆X > 11400 g/cm−2 and zenith angle
θ = 87◦ 4. The set of optimized cuts retaining most sig-
nal and zero left protons are listed in Table 1 for IACT-4
and CTA-E. The selection cuts presented in Table 1 (and
also in Figure 4) demonstrate that background events
triggering the IACT/CTA telescopes when pointing be-
low (or close to) the horizon can be distinguished from
MC neutrino signatures. This criterion gives a possi-
bility to identify tau neutrinos from the background of
hadronic showers and can be used to calculate the iden-
tification efficiency for τ-induced showers.
In Figure 6 (A) the influence of cuts on the trig-
ger probability is shown, while Figure 6 (B) gives the
identification efficiency as a function of the primary en-
ergy of the tau lepton. At vertical depths smaller than
∆X < 3000 g/cm2, we have lower values of identifica-
tion efficiency for CTA-E than IACT-4 due to the dif-
ferent altitudes of detectors i.e. a higher altitude for
CTA-E of 200 m. However, the CTA-E distribution is
extended to higher values of distance to the detector, up
to ∆X = 8000 g/cm2.
3.4. Event rate calculations
The total observable rates (number of expected
events) were calculated as N = ∆T ×
∫ Emax
Eth
APS(Eντ) ×
Φ(Eντ) × dEντ , where Φ(Eντ) is the neutrino flux, ∆T
the observation time and APS(Eντ) the point source ac-
ceptance. The acceptance for a point source can be
estimated as the ratio between the diffuse acceptance
A(Eντ) and the solid angle ∆Ω covered by the diffuse
analysis, multiplied by the fraction of time the source
4For zenith angles: 85◦, 83◦ and 80◦ , the Hillas distributions looks
similar, except the S ize distribution for which we observed a small
shift of maximum to higher values, when the zenith angles decreases.
is visible fvis(δs, φsite) i.e. is given by: APS(Eντ) ≃
A(Eντ)/∆Ω × fvis(δs, φsite). The fraction of time where
source is visible depends on the source declination (δs)
and the latitude of the observation site (φ).
In this work, the detector diffuse acceptance for an
initial neutrino energy Eντ is calculated from:
A(Eντ) = N−1gen ×
Nk∑
i=1
Pi(Eντ , Eτ, θ)
×Teff,i(Eτ, x, y, h, θ) × Ai(θ) × ∆Ω, (1)
where Ngen is the number of generated neutrino events.
Nk is the number of τ leptons with energies Eτ larger
than the threshold energy Eth = 1 PeV and a decay ver-
tex position inside the interaction volume5. P(Eντ , Eτ, θ)
is the probability that a neutrino with energy Eντ and
zenith angle θ produces a lepton with energy Eτ (this
probability was used as ”weight” of the event). Ai(θ)
is the physical cross-section of the interaction volume
seen by the neutrino. Teff(Eτ, x, y, h, θ) is the trigger ef-
ficiency for tau-lepton induced showers with the decay
vertex position at (x, y) and height h above the ground.
As we already mentioned, in our previous work [9]
we assumed an average trigger efficiency of 〈Teff〉 =
10% in the energy range 1-1000 PeV. However, as seen
for example from Figure 6 (A) the average trigger effi-
ciency is significanly larger than 10%, even for 1 PeV
tau leptons. For tau leptons interacting below 4000
g/cm2 with energy in the range 1-1000 PeV the aver-
age trigger efficiency is about 90%(77%) for IACT-
4/(CTA), thus we also expect a larger acceptance and
event rates by a factor 9 to 8 compared to what was
shown in [9].
In Figure 7 we show our new estimates for the accep-
tance to τ neutrinos for different IACT-4 sites: La Palma
(MAGIC), Namibia (H.E.S.S.) and Arizona (VERITAS)
and recently chosen locations of CTA for the North:
5Only tau leptons which decays in the interaction volume are con-
sidered, so the tau decay probability is included.
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Chile, (Armazones: Latitude φ = 24.58◦ S, Longitude
λ = 70.24◦ W) or Tenerife (φ = 28.27◦ S, λ = 16.53◦
W). As expected, the acceptance depends on local topo-
graphic conditions with the largest acceptance for Ari-
zona and Chile site 6.
To calculate the acceptance for up-going τ-induced
showers we used the trigger efficiency instead of the
shower identification efficiency, since in the studied an-
gular range (90◦ < θ < 105◦) the expected background
from protons and photons will be negligible. This is
also expected in case of Cherenkov telescopes obser-
vations in the direction of mountains, when they are
shielded against cosmic rays and star light. However,
in some cases like for example for La Palma or Tenerife
Cherenkov telescopes can be pointed to the sea. Thus,
for high energies ( > 1 PeV) we can expect a non zero
background component due to the presence of high en-
ergetic muons or muons bundles (as for example seen
by IceCube [26]) or even gamma showers induced by
interacting muons via bremsstrahlung or pair produc-
tion [27, 28]. If the identification efficiency is used in-
stead of the trigger efficiency, the calculated acceptance
for IACT-4/CTA and the expected event rate is of about
two/three times lower.
In Table 2 the expected event rates for IACTs, Tener-
ife and Chile site compared to that of IceCube is shown
for fluxes used in our previous work [9]. The rate is
calculated for tau neutrinos with zenith angles between
90◦ and 105◦ assuming that the source is in this FOV
for a period of 3 hours. The Flux-1 and Flux-2 are pre-
dictions for neutrino from γ-ray flare of 3C 279 [29].
Flux-3 and Flux-4 are predictions for PKS 2155-304 in
low-state and high-state, respectively [30]. Flux-5 cor-
responds to a prediction for 3C 279 calculated in [31],
and it is at a similar level in the PeV energy range like
the flux reported by IceCube in case of astrophysical
high-energies neutrinos [32]. For Flux-3 and Flux-4
(i.e. those models covering the energy range beyond
∼ 1 × 108 GeV) the event rate is a factor 16 to 30 larger
what expected for IceCube in the northern sky assuming
three hours of observation. For neutrino fluxes covering
the energy range below ∼ 5 × 107 GeV (Flux-1, Flux-2,
Flux-5), the number of expected events for these sites
is at least three times larger (La Palma) or seven times
larger (Arizona) to what estimated for IceCube.
6Due to the lack of results from IceCube in the tau-neutrino chan-
nel, we use IceCube’s muon neutrino acceptance [21] for a sensitivity
comparison. This is motivated by the fact that at the Earth we expect
an equal flavor flux from cosmic neutrino sources due to full mixing
[22]. In [24, 25] it is also shown that for neutrino energies between
1 PeV and 1000 PeV, the muon-neutrino acceptance is only slightly
larger than that for tau neutrinos.
Figure 7: Acceptance for point sources, APS(Eντ ) to earth-skimming
tau neutrinos as estimated for the IACT sites and a future locations of
Cherenkov instrument (Chile) and IceCube (as extracted from [21]).
For the Arizona, Namibia and La Palma sites the acceptance is calcu-
lated with the trigger efficiency obtained for IACT-4, while for Chile
and Tenerife the CTA-E trigger efficiency was used instead. The local
topographic condition are included.
The influence on the expected event rate arising from
uncertainties on the tau-lepton energy loss and different
neutrino-nucleon cross-sections was studied in our pre-
vious work [9]. The influence of systematic uncertain-
ties on the event rate was estimated to be about +14%/-
7% for Flux-1 and +43%/-16% for Flux-3.
4. Summary
In this paper, we present results of MC simulations of
τ-induced air showers for IACTs and for selected CTA
arrays. We calculated the trigger and identification ef-
ficiencies for τ-induced showers and study the proper-
ties of their images on the camera focal plane, as de-
scribed by Hillas parameters. In our previous work [9],
which assumed a trigger efficiency of 10% we predicted,
that the calculated neutrino rates are comparable or even
larger (above ∼ 30 PeV) to what expected for the Ice-
Cube neutrino telescope assuming observation times for
Cherenkov telescopes of a few hours. In this work we
have carried out more realistic simulations and we pre-
dict even larger efficiencies expected for IACTs. In the
most favorable case in Table 2, we expect 1 event during
210 hours of observation. Taking into account that for
this purpose IACTs have to be pointed below the hori-
zon during moonless nights, the detection of tau neu-
trinos seems to be difficult. However, such observation
time/or even larger can be an accumulated during peri-
ods with high clouds, when those instruments are nor-
mally not operated. Very often (for example for the La
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Table 2: Expected event rates for Cherenkov detectors at different sites compared to IceCube. The values are calculated with the ALLM [33] tau
energy loss model and the GRV98lo [34] cross-section, with fvis = 100%, ∆Ω = 2π(cos(90◦) − cos(105◦)) = 1.62 and ∆T = 3 hours. Rates are in
units 10−3. For Arizona, Namibia and La Palma site the rates are calculated with the trigger efficiency obtained for IACT-4, while for Chile and
Tenerife with the trigger efficiency obtained for the CTA-E.
Flux-1 Flux-2 Flux-3 Flux-4 Flux-5
NLaPalma 2.5 1.4 0.77 7.7 2.3
NNamibia 4.3 2.3 0.99 9.9 3.8
NArizona 7.4 3.4 1.44 14.4 6.2
NTenerife 3.0 2.2 0.73 7.3 2.8
NChile 7.9 3.3 0.98 9.8 6.0
NNorthern SkyIceCube 0.68 0.25 0.046 0.46 0.88
NSouthern SkyIceCube 1.1 0.32 0.076 0.76 0.88
Palma site this is of about 100 hours/year) high clouds
prevent the observation of γ-ray sources, but still allow
pointing the telescopes to the horizon. This makes the
perspective of detection tau neutrino induced shower by
IACT more attractive.
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